Abstract Inflammation resolution is important for scar formation following myocardial infarction (MI) and requires the coordinated actions of macrophages and fibroblasts. In this study, we hypothesized that exogenous interleukin-10 (IL-10), an anti-inflammatory cytokine, promotes post-MI repair through actions on these cardiac cell types. To test this hypothesis, C57BL/6J mice (male, 3-to 6-month old, n = 24/group) were treated with saline or IL-10 (50 lg/kg/day) by osmotic mini-pump infusion starting at day (d) 1 post-MI and sacrificed at d7 post-MI. IL-10 infusion doubled plasma IL-10 concentrations by d7 post-MI. Despite similar infarct areas and mortality rates, IL-10 treatment significantly decreased LV dilation (1.6-fold for end-systolic volume and 1.4-fold for enddiastolic volume) and improved ejection fraction 1.8-fold (both p \ 0.05). IL-10 treatment attenuated inflammation at d7 post-MI, evidenced by decreased numbers of Mac-3-positive macrophages in the infarct (p \ 0.05). LV macrophages isolated from d7 post-MI mice treated with IL-10 showed significantly elevated gene expression of M2 markers (Arg1, Ym1, and Tgfb1; all p \ 0.05). We further performed RNA-seq analysis on post-MI cardiac macrophages and identified 410 significantly different genes (155 increased, 225 decreased by IL-10 treatment). By functional network analysis grouping, the majority of genes (133 out of 410) were part of the cellular assembly and repair functional group. Of these, hyaluronidase 3 (Hyal3) was the most important feature identified by p value. IL-10 treatment decreased Hyal3 by 28%, which reduced hyaluronan degradation and limited collagen deposition (all p \ 0.05). In addition, in vivo IL-10 treatment increased fibroblast activation (proliferation, migration, and collagen production), an effect that was both directly and indirectly influenced by macrophage M2 polarization. Combined, our results indicate that in vivo infusion of IL-10 post-MI improves the LV microenvironment to dampen inflammation and facilitate cardiac wound healing.
Introduction
Following myocardial infarction (MI), the left ventricle (LV) undergoes a series of repair and wound healing responses that include inflammation and scar formation; the combined constituents are collectively termed LV remodeling. The extent of LV remodeling post-MI, in terms of both quality and quantity, determines long-term outcomes that include LV structure and physiology and chronic survival rates [10] . Excessive and extended LV remodeling can progress to heart failure post-MI, and the 5-year mortality rate for heart failure approaches 50% [36, 53] . Accordingly, there is a need to better understand the cellular and molecular mechanisms that regulate post-MI LV remodeling.
After MI, there is robust leukocyte infiltration into the infarct area to clear necrotic debris. As an innate stress response against myocardial injury, proinflammatory cytokines such as tumor necrosis factor (TNF)-a, Interleukin (IL)-1 beta (b), and IL-6 are increased within 1 h post-MI [37] . By days 3-5 post-MI, the inflammatory reaction transitions to an anti-inflammatory reparative response, characterized by the accelerated activation and proliferation of fibroblasts [5, 15, 52] . While inflammation is a necessary component during the early stage of LV remodeling, a prolonged inflammatory response may impair LV physiology by promoting LV dilation and excessive scar formation [13] . Therefore, timely resolution of the inflammatory response is a critical juncture of remodeling. At days 1-7 post-MI, reparative macrophages are recruited and release inhibitory mediators such as transforming growth factor (TGF)-b and IL-10, which suppress inflammation and activate profibrotic processes [11] .
IL-10 is an anti-inflammatory cytokine with a strong capacity to suppress proinflammation [14, 57] . In animal models, IL-10 is significantly increased in the serum within 6 h after myocardial ischemia/reperfusion [14] . In a variety of cell types, IL-10 inhibits the release of proinflammatory mediators [4, 38, 41] . In patients with acute MI, higher serum IL-10 within 24 h after angioplasty is associated with reduced incidence of heart failure progression [9] . After MI, IL-10-deficient mice have increased infarct size and enhanced myocardial necrosis with increased neutrophil infiltration [56] . Following MI, IL-10 treatment reduces inflammation and improves LV physiology [25] . In the current study, we investigated the cellular and molecular mechanisms responsible for the protective actions of IL-10 on post-MI LV remodeling.
Methods

Mice and treatment
The experimental design is shown in Fig. 1a . All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of Mississippi Medical Center according to the Guide for the Care and Use of Laboratory Animals (Eighth edition, 2011). C57BL/ 6J wild-type male mice of 3-6 months were used in this study. All mice were kept in the same room in a lightcontrolled environment with a 12:12 h light-dark cycle and with free access to standard mouse chow and water. All mice were subjected to permanent left coronary artery ligation as previously described [59] . At day (d) 1 post-MI, myocardial infarction (MI) was confirmed by echocardiography, and saline or IL-10 (50 lg/kg/day) was infused subcutaneously via osmotic pumps. Non-surviving mice underwent autopsy, and surviving mice were sacrificed at d7 post-MI. At autopsy, cardiac rupture was affirmed by the presence of coagulated blood in the thoracic cavity or observation of the ruptured site on the LV. For all procedures, samples were randomized and analyzed in a blinded manner.
Echocardiography
To assess LV physiology, echocardiography was performed using a Vevo 2100 TM system (VisualSonics, Toronto, ON, Canada) with a 30 MHz image transducer. Images were acquired prior to MI surgery (baseline) and at d1 and d7 post-MI. Mice were anesthetized with 1-2% isoflurane in an oxygen mix. Heart rate, body temperature, and electrocardiogram were monitored throughout the imaging procedure. Measurements were taken from the LV parasternal long axis (B-mode) and short axis (M-mode) views. For analysis, three images from consecutive cardiac cycles were analyzed and averaged. All images were acquired at heart rates [400 bpm [59] .
Tissue harvest and infarct area evaluation
At d7 post-MI, all surviving mice were sacrificed, and the LV was collected as described previously [22] . Mice were anesthetized with 1-2% isoflurane in an oxygen mix, and blood was collected from the common carotid artery 5 min after heparin administration (4 U/g body weight, i.p.). The heparinized blood was immediately centrifuged for collection of plasma. Proteinase inhibitor cocktail (Roche, 50-720-4060, 19 ) was added to the plasma, which was stored at -80°C.
For tissue collection, the heart was flushed with cardioplegic solution (NaCl, 69 mM; NaHCO 3 , 12 mM; glucose, 11 mM; 2,3-butanedione monoxime, 30 mM; EGTA, 10 mM; Nifedipine, 0.001 mM; KCl, 50 mM) to arrest the heart in diastole. LV and right ventricle (RV) were separated and weighed individually. Lung and tibia were collected and weighed. The LV was sliced into apex, middle, and base sections, stained with 1% 2, 3, 5-triphenyltetrazolium chloride (Sigma), and imaged for calculation of infarct area. The LV infarct (LVI) was calculated using Photoshop (Adobe) and is presented as percentage of infarct area to total LV area [16] . The LVI and LVC were separated and individually snap frozen and stored at -80°C for real-time RT 2 -PCR analysis or immunoblotting analysis. The LV middle section was fixed in 10% zinc formalin (Fisher Scientific), paraffin-embedded, and sectioned for histological examination.
Immunohistochemistry
The middle part of the LV was paraffin-embedded and sectioned at 5 lm [30] . After rehydration, heat-mediated antigen retrieval was performed using Target Retrieval Solution (S1699, Dako). The sections were incubated with 3% H 2 O 2 (Sigma) to block endogenous peroxidase activity, followed by blocking with normal serum. A primary antibody specific for macrophages (Mac-3, Cedarlane CL8943AP; 1:100) was used at 4°C overnight, followed by incubation with rabbit anti-rat IgG and ABC reagent (Vector Laboratories). The HistoMark Black peroxidase kit (Vector Laboratories) was used for positive staining of Mac-3, and eosin was used as a counterstain.
To examine whether the d7 post-MI macrophages were proliferative, multiplexed immunofluorescence was performed using the Opal Multiplex Immunohistochemistry Kit (Perkin Elmer) [50] . After rehydration, heat-mediated antigen retrieval was performed. Tissue sections were incubated with a primary antibody specific for macrophages (Mac-3) at 4°C for 1 h, followed by incubation with a horseradish peroxidase (hrp)-conjugated anti-rat secondary antibody. A second primary antibody for proliferating cell nuclear antigen (PCNA, Abcam ab18197; 1:4000) was incubated at 4°C for 1 h, followed by incubation with a hrp-conjugated anti-rabbit secondary antibody (for the PCNA primary Ab). After 10 min incubation, opal fluorophores were used to detect fluorescent signal, with the opal 570 fluorophore used for Mac-3 and the opal 690 fluorophore for PCNA. Staining with 4 0 ,6-diamidino-2-phenylindole (DAPI) was used to stain nuclei. Non-specific binding was assessed by performing a no primary antibody control, and cross-over staining was assessed by performing each primary antibody staining on its own section. Images were acquired on the Mantra TM Quantitative Pathology Imaging microscope. To determine collagen deposition in the infarct region, picrosirius red staining was performed on paraffin-embedded LV sections. Images from the infarct region were captured at 409 magnification with Image-Pro software (Media Cybernetics, Bethesda, MD, USA) and quantification was performed to calculate the percentage of positively stained area to total tissue area. A total of five images was acquired from each section (n = five saline and five IL-10 sections).
Immunofluorescent staining was performed to evaluate the phenotype of post-MI isolated cardiac fibroblasts. The fibroblasts were fixed with 4% paraformaldehyde and rinsed with sterile PBS, followed by blocking with goat serum. After blocking, the cells were incubated overnight at 4°C with a primary antibody to a-smooth muscle actin (Abcam, ab32575, 1:100). The cells were rinsed in PBS and incubated with an anti-mouse secondary antibody (Vector Laboratories, BA-2001, 1:200) for 1 h at room temperature. The cells were washed with PBS, and incubated with Alexa Fluor 488 streptavidin (Life Technologies, S11223, 1:200). After PBS rinse, slides were cover slipped with Vectashield mounting media with DAPI (Vector H-1200) to stain nuclei. The signal intensity was analyzed by quantification of fluorescence intensity.
Cell isolation and stimulation
Macrophages and cardiac fibroblasts were isolated from the infarcted LV at d7 post-MI, and cardiac fibroblasts were also isolated from control no MI LV. As previously described [58] , the LV was rinsed with PBS and the LVI was digested in collagenase solution (600 U/mL Collagenase II ? 60 U/mL DNase I), followed by removal of erythrocytes using red cell lysis buffer (Miltenyi Biotec). Single cells were separated with pre-separation filters (Miltenyi Biotec 130-041-407, 30 lm) and the cellular pellet was resuspended in PEB buffer (PBS containing 2 mM EDTA and 0.5% BSA). Single cell suspensions were incubated serially with anti-Ly-6G MicroBead Kit mouse (10 min, Miltenyi Biotec, 130-092-332) and CD11b MicroBeads mouse/human (Miltenyi Biotec, 130-049-601) and isolated using a MiniMACS magnetic separator column. The effluent containing Ly-6G negative CD11b-positive macrophages were resuspended in 1 mL of RPMI 1640 media and plated in a 6-well plate (1.0 9 10 5 cells/ well). The rest of the cells (Ly-6G negative, CD11b negative fibroblasts) were resuspended in 1 mL of Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% FBS and plated in a 6-well plate (1.0 9 10 5 cells/ well).
For isolation of peritoneal macrophages, 10 mL of icecold RPMI1640 media (Life Technologies) with 10% fetal bovine serum (FBS, Life Technologies) and 1% antibiotics (Life Technologies) was injected into the peritoneal cavity of isoflurane-anesthetized mice (macrophages were resident cells and were not elicited). Media-containing cells were removed from the peritoneal cavity and centrifuged at 10009g for 10 min. The cell pellet was resuspended with RPMI1640 media, and the separated single cells were seeded in a 6-well plate (1 9 10 6 cells/well) and incubated at 37°C for 18 h to attach. After 5 h, the media was replaced with new media and stimulated with recombinant mouse IL-10 (rIL-10; 50 ng/mL).
Real-Time RT-PCR and RNA-Seq
We extracted RNA from LVI tissue and from isolated macrophages as previously described [30] . RNA extraction was performed using TRIzol Ò Reagent (Invitrogen Life Technologies, Grand Island, NY, USA) according to manufacturer's instructions. RT 2 First-Strand Kit (Qiagen, Valencia, CA, USA) was used for reverse transcription of RNA (0.4 lg). The gene expression levels of M1 markers (Ccl3, Ccl5, Il1b, Il-6, Tnf-a) and for M2 markers (Arg1, Mrc1, Tgfb1, Ym1, Fizz-1) were measured by Taqman gene array analysis. Hypoxanthine guanine phosphoribosyl transferase 1 (Hprt1) gene was used as the reference gene for normalization.
To demonstrate the effect of IL-10 on post-MI LV macrophages, whole transcriptome analysis by RNA-seq was performed as described previously [6, 29] . Briefly, samples passed quality parameters (minimum concentration and size range) and were used to develop RNA libraries (n = 12 pooled index samples) using the TruSeq Stranded Total RNA with Ribo-Zero Kit, Set A (FC-122-2501, San Diego, CA) according to manufacturer's instructions. Each sample was prepared using 1 lg total RNA. The resulting cDNA libraries were quantified using the Qubit system (Invitrogen, Carlsbad, CA) and checked for quality and size using the Experion DNA 1 K chip (BioRad, Hercules, CA). The fragment size generated library ranged from 200 to 500 bps with a peak at *250 bps. A portion of each library was diluted to 10 nM and stored at -20°C, and 10 lL of 1.2-1.8 nM libraries were diluted and denatured. The libraries were sequenced using the NextSeq 500 High Output Kit (300 cycles-PE100) on the Illumina NextSeq 500 platform. The sequencing reads were automatically uploaded and evaluated for quality using Illumina BaseSpace Onsite Computing platform. Subsequently, Fastq sequence files were generated and analysis was performed using applications available on BaseSpace Onsite Computing platform, including TopHat Alignment (read mapping to reference genome-USCS-GRCm38/mm10, etc.). Clustering and correlation analysis were carried out using Metaboanalyst 3.0 software analysis package (http://www.metaboanalyst.ca).
The top 50 ranked genes, by p value and fold-change, were selected for heat map analysis.
Cardiac fibroblast proliferation and migration assay
The 5-bromo-2-deoxyuridine (BrdU) cell proliferation assay was used to evaluate the in vivo effect of IL-10 on ex vivo proliferation of isolated LVI fibroblasts. [60] BrdU assays were performed as reported previously [55] . Briefly, plated primary cardiac fibroblasts were incubated with BrdU for 24 h, and newly synthesized DNA was quantified by the magnitude of absorbance (optical density, OD) at 450 nm.
For the migration assay, 4.0 9 10 4 cells were plated in 96-well plates containing gold film surface electrodes and cultured overnight. The cells were serum starved for 18 h, and the wound healing assay was performed using electric cell-substrate impedance sensing (ECIS Ò , Applied Biophysics), which is a real-time, label-free, impedance-based method to study the activities of cells grown in tissue culture. The rate of migration was measured as the impedance change as cells migrated and covered the electrode [27] .
Protein extraction and immunoblotting
To extract protein from the LVI, LV tissue was homogenized in protein extraction reagent 4 (Sigma) with 19 protease inhibitor using the Power Gen 1000 Homogenizer (Fisher Scientific). The homogenized LV was centrifuged at 4700 rpm to remove debris. A Bradford assay (BioRad) was used to measure the concentration of protein. The extracted protein was stored at -80°C.
SDS-PAGE and immunoblotting analysis of total protein (10 lg) were performed, as previously described [23] . Specific primary antibodies against Mac-3 (Cedarlane CL8943B, 1:500), collagen I (Cedarlane CL50141AP-1, 1:1000), collagen III (Cedarlane CL50341AP-1, 1:1000), fibronectin (Abcam ab1954, 1:2000), and hyaluronic acid (Abcam ab53842, 1:1000) were used. ImageQuant TL 8.1 analysis software (GE Healthcare, Waukesha, WI) was used to quantify densitometry. The intensity of every lane was normalized to the densitometry of the total protein for that lane, as an internal loading control.
Statistical analyses
All treatments and analyses were performed in a blinded manner. Data are presented as mean ± SEM. Survival rates were analyzed by Kaplan-Meier survival analysis and compared by log-rank test. Rupture rates were analyzed by Fisher's exact test. Two group comparisons were analyzed by Students t test. Multiple group comparisons were analyzed using one-way ANOVA, followed by the Student Newman-Keuls when the Bartlett's variation test was passed, or using the non-parametric Kruskal-Wallis test, followed by Dunn post hoc test when the Bartlett's variation test did not pass. A value of p \ 0.05 was considered statistically significant.
Results
IL-10 treatment improved post-MI LV physiology, without affecting 7d post-MI infarct area or survival rates IL-10 gene expression in the LV infarct (LVI) was significantly elevated at d1 following MI and returned towards d0 pre-MI control levels by d3 post-MI (Fig. 1b) . The IL-10 dose used was based on the dose previously used by the Kishore laboratory [25] . IL-10 infusion resulted in a doubling of the plasma concentration at d7 post-MI (Fig. 1c) . IL-10 treatment did not affect survival, rupture rates, or infarct area at d7 post-MI. As shown in Fig. 1d, 13 out of 24 saline-treated mice (54%) survived 7 days post-MI, and 10 out of 24 IL-10-treated mice survived (42%; p = 0.45). Cardiac rupture rates were similar between groups (6/11, 55% for saline and 7/14, 50% for IL-10; p = 0.82), which is consistent with previous reports [48] . Infarct areas were comparable between MI groups: saline was 62 ± 2% and IL-10 was 60 ± 3% (p = 0.61, Fig. 1e ). These results indicate that all mice received similar ischemic injuries. This was expected, as IL-10 infusion was started at d1 post-MI, after induction of infarction and after the time when myocardial salvage would be expected. In the absence of reperfusion, essentially all cardiomyocytes in the area at risk undergo cell death.
Despite similar survival rates and infarct areas, IL-10 treatment improved LV physiology at d7 post-MI. IL-10 treatment reduced end-systolic volumes by 1.6-fold and end-diastolic volumes by 1.4-fold (both p \ 0.05, Fig. 1f,  g ). IL-10 treatment improved ejection fraction by 1.8-fold compared to the saline group (p \ 0.05, Fig. 1h ). The attenuated dilation and improved ejection fraction indicated a protective role of IL-10 in post-MI LV remodeling.
IL-10 treatment promoted d7 LVI antiinflammatory gene expression
Since IL-10 treatment significantly improved LV physiology and IL-10 is known to exert anti-inflammatory actions, we evaluated the d7 post-MI inflammatory response [12, 15] . Out of ten M1 or M2 genes evaluated (Ccl3, Ccl5, Il1b, Il-6, Tnf-a, Arg1, Cd163, Mrc1, Tgfb1, and Ym1), four genes were significantly elevated in IL-10-treated LVI compared to saline-treated LVI. Of these, three were anti-inflammatory (Arg1, Mrc1 and Tgfb1) and one was proinflammatory (Il1b; all p \ 0.05, Fig. 2a, b) . The altered genes associate with macrophage polarization and suggest that IL-10 treatment may skew macrophages towards anti-inflammatory (M2) phenotypes.
IL-10 treatment reduced macrophage numbers and stimulated M2 macrophage polarization
To evaluate the mechanisms whereby IL-10 altered polarization, we measured the mRNA expression of M1 (Ccl3, Ccl5, Il1b, Il6, and Tnfa) and M2 (Arg1, Cd163, Mrc1, Tgfb1, and Ym1) markers in macrophages isolated from d7 saline-or IL-10-treated LVI. While IL-10 treatment had no effect on the 5 M1 markers measured (Fig. 3a) , IL-10 significantly elevated three of the five M2 markers (Arg1, Fig. 3b ). Of note, these three markers are genes whose expression have been related to resolution of inflammation by inhibiting proinflammation.
To validate the effect of IL-10 on the inflammatory response, macrophage numbers in the infarct were counted. As assessed by immunohistochemical staining, IL-10 treatment significantly attenuated the number of Mac-3 positive macrophages at d7 post-MI (p \ 0.05, Fig. 3c ).
To examine whether decreased macrophage numbers in the infarct with IL-10 treatment was due to a difference in proliferation rates, we dual-stained for macrophages (Mac-3) and proliferation (PCNA). None of the Mac-3 positive cells were PCNA-positive, indicating that proliferation did not account for the differences in cell numbers. This result is consistent with past reports from the Nahrendorf laboratory, which showed that steady-state resident cardiac macrophages proliferate locally and self-renew, while circulating non-proliferative infiltrating monocytes contribute to the macrophage pool in the acute infarct [19] . These results indicate that IL-10 treatment enhanced M2 polarization and reduced macrophage numbers, leading to an overall anti-inflammatory response in the infarct region.
IL-10 down-regulated hyaluronidase 3 (Hyal3) in d7 post-MI cardiac macrophages
To comprehensively evaluate macrophage phenotypes, RNA-seq was used to compare macrophages isolated from saline-and IL-10-treated LVI. As shown in Fig. 4a , out of 23,350 genes evaluated, 410 genes were significantly different between saline and IL-10 groups (all p \ 0.05). IL-10 treatment up-regulated 155 genes and down-regulated 255 genes compared to saline. The heat map of the top 50 ranked significantly different genes between saline-and IL-10-treated LVI macrophages is shown in Fig. 4b . Further functional network evaluation of these genes was performed with ingenuity pathway analysis (IPA; Qiagen Bioinformatics). The most represented group (133 out of the 410 genes, 32.4%) was the cellular assembly and repair functional group. In particular, IL-10 treatment significantly decreased Hyal3 by 28% (Fig. 4c) . Hyal3 is an enzyme that degrades hyaluronic acid, a ubiquitous extracellular matrix (ECM) component whose degradation is associated with the inflammatory response [8, 18, 24, 39] . Reduced Hyal3 gene expression in LVI macrophages from the IL-10 treatment group was confirmed by qRT-PCR (Fig. 4d , p \ 0.05). We measured gene expression for 23 MMPs and 4 TIMPs in d7 post-MI isolated macrophages. There were no differences in expression for any of these 27 genes. We also evaluated MMP-2, MMP-9, and TIMP-1 protein in the LVI, and there were no differences between groups. To validate whether decreased Hyal3 affects hyaluronic acid turnover in IL-10-treated LVI post-MI, we measured hyaluronic acid protein by immunoblotting. As shown in Fig. 4e , IL-10 treatment increased high molecular weight full-length hyaluronic acid in the LVI at d7 post-MI (p \ 0.05) and reduced low molecular weight hyaluronic acid degradation fragments by IL-10 treatment. Full-length and hyaluronic acid fragments differentially affect macrophage activation and inflammation. While full-length hyaluronic acid activates macrophages to enhance pro-resolving functions, hyaluronic acid fragments stimulate macrophages to induce a proinflammatory response [39, 44] . Our data reveal that IL-10 inhibited Hyal3 expression in cardiac macrophages, leading to reduced hyaluronic acid degradation in the infarct. This could affect inflammation resolution by decreasing both numbers and M2 phenotype of the LVI macrophages.
IL-10 treatment enhances proliferation and migration of post-MI cardiac fibroblasts
After MI, there is cross-talk among multiple cardiac cell types involved in cardiac repair. Inflammation resolution is associated with fibroblast activation, and macrophages are regulators of this process [26, 42] . To explore cross-talk mechanisms between macrophages and fibroblasts, we stimulated control fibroblasts in vitro and isolated ex vivo d7 post-MI LVI macrophages and fibroblasts from salineand IL-10-treated groups. To obtain post-MI macrophage conditioned media (secretome), D7 LVI macrophages were cultured for 16 h. d0 fibroblasts were stimulated with either the secretome of LVI macrophages or IL-10 and compared to d7 LVI fibroblasts. IL-10 indirectly stimulated fibroblast activation through direct effects on macrophages. As shown in Fig. 5a , the secretome collected from cardiac macrophages isolated Fig. 4 IL-10 decreased hyaluronidase 3 (Hyal3) in cardiac macrophages, which resulted in less turnover of hyaluronic acid (HA). a RNASeq results and functional group analysis. b Heat mapping of the top 50 ranked (by p value and fold-change) genes that were differentially expressed in macrophages isolated from the infarcts of IL-10-and salinetreated mice. In the color legend, red represents upregulation of genes compared to saline and green represents down-regulation of genes compared to saline. c Hyaluronidase 3 (Hyal3) was significantly reduced in LVI macrophages isolated from IL-10-treated mice. d RT-PCR results support decreased Hyal3 levels in LVI macrophages isolated from IL-10-treated mice. n = 4-5/group, *p \ 0.05 vs. saline. e By immunoblotting, the IL-10 LVI showed increased full-length hyaluronan acid (HA) due to decreased HA turnover. n = 5-7/group, *p \ 0.05 vs. saline from IL-10-treated LVI stimulated both proliferation and migration compared to the secretome of macrophages isolated from saline-treated LVI (both p \ 0.05). IL-10 showed no direct effect on cardiac fibroblasts, as control cardiac fibroblasts stimulated with IL-10 (50 ng/mL) had no effect on proliferation or migration (Fig. 5b) . To determine whether in vitro stimulation with the post-MI macrophage secretome recapitulated the ex vivo phenotype, we evaluated cardiac fibroblasts from saline-and IL-10-treated d7 LVI. IL-10 in vivo treatment significantly increased ex vivo proliferation and migration rates, as well as up-regulated a-smooth muscle actin protein expression (all p \ 0.05, Fig. 5c ), indicating that macrophages regulated fibroblast cell physiology. Our results indicate that IL-10 induced M2 polarized macrophages to indirectly affect fibroblast differentiation.
IL-10 treatment reduced d7 post-MI ECM accumulation
By d7 post-MI, damaged myocytes are being replaced by new ECM to form the infarct scar. Since fibroblast activation was induced by IL-10 treatment, we evaluated ECM synthesis in d7 LVI fibroblasts by measuring collagen I and III secretion. Collagen I secretion, and not collagen III, was significantly reduced in IL-10-treated LVI fibroblasts compared to saline group (p \ 0.05, Fig. 6a ). IL-10 treatment, therefore, decreased the ratio of collagen I to collagen III.
To determine whether collagen secretion from cardiac fibroblasts affected overall ECM deposition in the infarct region, we measured collagen I and III protein in d7 LVI. IL-10 treatment decreased collagen I in the infarct without changing collagen III (Fig. 6b) . Consistent with the ex vivo data, IL-10 treatment significantly reduced the ratio of collagen I to collagen III protein (p \ 0.05, Fig. 6b) . A reduced collagen I to III ratio is associated with reduced myocardial fibrosis, a major determinant of LV dysfunction [3] . Our results indicate that scar formation is optimized with IL-10 treatment (Fig. 6c, p \ 0.05) .
To explore whether the reduced collagen I to III ratio by IL-10 treatment affected scar formation, picrosirius red-stained sections were evaluated. LVI sections from IL-10-treated mice showed reduced collagen accumulation in the infarct, which could explain the improved cardiac physiology.
Discussion
The goal of this study was to evaluate the therapeutic applicability of IL-10 to improve post-MI wound healing through actions on macrophages and fibroblasts. Our results demonstrated that IL-10 infusion in vivo significantly improved post-MI cardiac physiology and increased M2 cardiac macrophage polarization and fibroblast activation to moderate collagen deposition. Our results reveal the mechanisms whereby IL-10 protects against adverse cardiac remodeling following MI, namely by decreasing inflammation and increasing wound healing properties through direct effects on macrophages and indirect effects on fibroblasts (Fig. 7) . IL-10 is a well-known anti-inflammatory cytokine that inhibits production of proinflammatory cytokines. In aged mice, IL-10 deficiency exaggerates LV dysfunction and inflammation [49] . In young mice, IL-10 deficiency has less impressive effects, despite significantly elevating myocardial TNF-a and CCL2 [61] . Exendin-4 elevated IL-10 expression, which was associated with a cardioprotective effect on post-MI cardiac remodeling [46] . Kishore et al. showed that subcutaneous injection of IL-10 post-MI reduced LV dysfunction and infarct wall thinning [25] . In concordance with results from the Kishore laboratory, IL-10 treatment improved LV physiology post-MI in our mice. Combined, our results and the literature support the idea that regulation of the inflammatory response by elevating IL-10 may provide cardioprotection to prevent adverse LV remodeling following MI. Whether endogenous IL-10 is sufficient to exert a critical effect on post-MI remodeling needs more investigation.
Macrophages play both beneficial and detrimental roles in the wound healing process after MI and, therefore, modulation of particular macrophage actions could be therapeutic to promote myocardial repair [20, 35] . Within several hours post-MI, the inflammatory response is activated with production of proinflammatory cytokines, also called M1 cytokines [7, 26] . Following MI, M1 classically polarized macrophages dominate in the LV during the early proinflammatory stage, while during the later anti-inflammatory stage there is a transition to M2 alternatively polarized macrophages [21, 28, 51] . Promoting a timely transition from M1 proinflammation to M2 anti-inflammation may improve MI outcomes. IL-10 treatment induced M2 polarization of cardiac macrophages, leading to an infarct environment favorable to tissue repair.
The effects of IL-10 on cardiac macrophages are not limited to polarization to the M2 phenotype and include secretion of ECM modulators. Out of 23,350 genes sequenced in macrophages isolated from the infarct region, 410 genes were significantly different between saline-and IL-10-treated mice. Of these hyaluronidase, three showed the largest fold-change between groups. Hyaluronidase 3 is the enzyme that catalyzes hyaluronic acid fragmentation. While hyaluronidase activity has been detected in isolated rabbit lung alveolar macrophages [16] , hyaluronidase activity has not been previously measured in cardiac macrophages. Our results indicate that IL-10 treatment stimulated inflammation resolution through a macrophagedependent hyaluronidase-3/hyaluronic acid degradation mechanism.
In addition to coordinating inflammation, macrophages stimulate fibroblast activation, as paracrine factors of M1 or M2 polarized macrophages stimulated distinct fibroblast phenotypes [43] . The M2 macrophage, in particular, associates with tissue repair and fibroblast activation [33, 34, 54] . IL-10 induced M2 macrophage polarization, and the M2 macrophage secretome activated cardiac fibroblasts, indicating the presence of cross-talk between macrophages and fibroblasts in the infarct. While IL-10 had no direct effect on cardiac fibroblasts, IL-10 induced M2 macrophages to secrete factors that increased fibroblast activation, indicating a strong contribution for cross-talk between these two cell types.
Activated fibroblasts generate contractile forces to reorganize extracellular matrix (ECM). Although ECM deposition is required for scar formation and prevents wall thinning and rupture following MI, excessive accumulation of ECM and an increased ratio of collagen I to III both associate with increased LV wall stiffness [17, 31, 32, 47] . In patients with cardiomyopathy, increased collagen I, but not collagen III, associate with systolic and diastolic dysfunction [40] . The fibroblast cell number affects collagen metabolism; specifically, collagen I synthesis decreases as fibroblast numbers pass a threshold density [45] . Myofibroblast transdifferentiation does not necessarily lead to increased collagen deposition. When myofibroblasts are highly proliferative, collagen production is actually dampened to balance collagen synthesis and degradation [1] . Higher hyaluronan is consistent with this finding, as higher hyaluronan in dermal tissue associates with increased fibroblast activation and less collagen scar formation [2] . Our results suggest that the myofibroblast activation stimulated by IL-10 infusion is a hyper-activated state represented by enriched hyaluronan and reduced collagen. Taken together, our results indicate that IL-10 treatment significantly reduced myocardial fibrosis post-MI by increasing proliferation of fibroblasts to decrease the collagen I to III ratio. It is possible that administration of IL-10 in the presence of a permanently occluded coronary artery may have resulted in uneven delivery of IL-10 into the infarcted myocardium. While the kinetics and distribution of IL-10 entry into the infarcted myocardium were not evaluated in this study, based on LV physiology and inflammatory responses, early effects were noted. Following MI, increased recruitment of blood monocyte into the infarct is associated with adverse cardiac remodeling and left ventricular dilatation [35] . In this study, circulating cells were not evaluated.
In conclusion, the present study established a better mechanistic understanding of the cardioprotective role of IL-10 in the post-MI LV. Our results indicate that in vivo infusion of IL-10 post-MI improves the LV microenvironment to decrease inflammation and facilitate healing.
